Wheat (Triticum aestivum) seeds were treated with atmospheric pressure gliding arc discharge plasmas to investigate the effects on water absorption, seed germination rate, seedling growth and yield in wheat. The surface architectures and functionalities of the seeds were found to modify due to plasma treatments. 6 min treatment was provided 95%-100% germination rate. For the treatment duration of 3 and 9 min the growth activity, dry matter accumulation, leaves chlorophyll contents, longest spikes, number of spikes/spikelet and total soluble protein content in shoots were improved. The grain yield of wheat was increased ∼20% by 6 min treatment with H 2 O/O 2 plasma with respect to control.
Atmospheric pressure gliding arc discharge plasma treatments for improving germination, growth and yield of wheat 1 
. Introduction
Many countries of the world are in a risk of food security with increasing demand due to increased population and reduction in planted area. The production of wheat is decreasing due to change of climate and sharp decrease in planted area in the world as well [1] [2] [3] . The sensitivity of wheat yield is different in different geographical regions and is dependent on temperature, humidity, and drought stress [4] . Nowadays, pesticides, insecticides and chemical fertilisers are utilised in the intensive agricultural system to increase the production of crops. Indiscriminate and extensive applications of chemicals are unbalancing the environment and eco-system leaving dangerous effects to health.
Very recently, plasma technology is being implemented to solve problems in agriculture and medical sciences [5] . In agriculture, improvements of seed germination and growth have demonstrated in tomato and wheat by cold plasma [6, 7] . Plasma treatment of seeds can be an alternative eco-friendly approach, instead of using chemicals, for the enhancement of seed germination and plant growth through induced stimulation. Cold plasma treatment with appropriate species and dose can effectively be used for stimulating the biological processes. Interactions of plasma species, as produced in atmospheric pressure (AP) cold plasmas, with seeds are drawing interests to the researchers for its potentiality to seed sanitisation [8] [9] [10] , breaking of dormancy [7] , improvement of seed germination [11] and sprout growth [12] [13] [14] [15] , water uptake mechanisms [16] , and draught stress [4] . However, the most of the investigations above are concerned with AP dielectric barrier discharge (APDBD) plasmas. On the other hand, AP gliding arc discharge (APGAD) technique [17, 18] , compared to the APDBD, plasmas can produce high electron and species densities (>10 15 cm −3 ) with high efficiency (∼80% of input power). Its potential applications include in environment, energy conversion, biology and sterilisation [19] [20] [21] [22] . For gaining insight of the plasma-seed interactions along with their consequences, mainly with reactive oxygen (ROS) and nitrogen (RNS) species, one has to know the produced plasma species to be applied in particular application, viz. the treatment of seeds. However, a lot unrevealed issues involved for the understanding of interaction mechanisms of plasmas with agronomic improvements.
Being motivated to the unrevealed issues, the plasmaseed interactions and their outcomes on the germination of seeds, growth of plants and yield of wheat by APGAD H 2 O/air, H 2 O/O 2 and H 2 O/O 2 /air plasmas were investigated. This was expected to deliver practical and theoretical foundation for the implementation of APGAD plasmas for the improvement of agronomic traits in wheat.
Materials and methods

Seed collection
Wheat (BARI GOM 28) seeds were collected from the Wheat Research Institute, Rajshahi, Bangladesh. These seeds were used in this investigation.
Plasma production and species identifications
The plasma production reactor for the treatment of seeds is shown schematically in figure 1 .
A pyrex glass tube with 10 mm inner diameter was used as plasma production chamber. Two electrodes made of 2 mm copper wire were inserted axially through the glass tube for producing APGAD plasmas at the head of the glass tube. The distance between the two electrodes was 4 mm. The water was sprayed by flowing air and/or O 2 gas through glass tube which acts on the principle of nebuliser. Double distilled water was used and kept within the container of the sprayer. The water was sprayed similar to fog and was introduced into the glass tube that acted as plasma production chamber. The flow of air (KIT) and O 2 (115P) were regulated by gas flow controllers. A 4-6 kV, 200 Hz unipolar high voltage power supply was connected to the two electrodes for producing arc discharge plasmas. The discharge voltage and current were measured with a digital oscilloscope (GDS-1000B) connecting with voltage (HVP-08) and current (CP-07C) probes, respectively. The power absorbed by the plasma was calcu-
where v(t) and i(t) are the discharge voltage and current, respectively, by integrating over the period T. figure 2(c) . O 2 was incorporated with H 2 O/air for the production of ROS and RNS in the plasmas. The plasmas with the above three gas compositions were applied for seed treatment and their effects were studied.
Seed treatment with plasmas
The wheat seeds were selected arbitrarily both for control and plasma treatments. The seeds were treated by APGAD plasma with three gas compositions:
The gas temperature was measure by a thermometer. The temperature was ∼310 K, 2 mm below the discharge tube. The wheat seeds were inserted into a 20 mm diameter pyrex glass tube. The length of glass container was 50 mm. The upper side was open while the lower side was covered with mesh made of cotton. Arrangement of the seed container was made in such a way that the container was rotating like a spinning top. This arrangement was preferred for optimum surface treatment of wheat seeds as shown in figure 1 . The seeds were treated for the time duration of 3, 6, 9, 12 and 15 min.
Test of wettability
The plasma treated seeds were put in water for a maximum of 20 h and the amount of water soaked by seeds was documented for different time durations. The first 4 data were registered after each 30 min of duration, the second 6 data were documented after each 60 min, and the remaining data were collected after every 120 min. Finally, the wettability is determined employing [23] . Two-layer filter paper moistened with distilled water was bedded in each 90 mm petridish and 25 plasma treated seeds were layed in the petridishes for gemination. These petridishes were kept at 25°C in light incubator for the period of 7 d. Additional distilled water was supplied regularly to the filter paper to keep it up with moisture content as required for germination. Those germinated seeds were only taken into account which had the minimum length of redicles equal to half length of the seeds. The percentage of germination was registered at every 24 h for 7 d. Shoot length, root length, vigour index and dry weight were recorded. The germination ratio (G r ), germination index (G i ) and vigour index (V i ) were determined, respectively by
where n 7 , n ts and n tg are the number of seeds germinated in 7 d, total number of seeds, number of germinated seeds on t d, and g t and l t are the germination days and total length, respectively. The Richard's function y(t) was estimated
where a, b, c and d are the fitting parameters and, t is the time.
The population parameters were determined employing where v iv is the index of viability, M e is median germination time, germination time of seeds, Q u is dispersion, uniformity of seedling growth and S k is skewness.
Field experiment
The field experiment was accomplished from 2015 to 2016 in the research field of the Department of Agronomy and Agricultural Extension, University of Rajshahi (24°21′48.92″ N 88°37′26.89″E, Altitude13 m) in Bangladesh. The experiment was laid out in a randomised complete block design assigning three gas compositions:
/air in the main plots and treatment time durations (viz. 3, 6, 9, 12 and 15 min) in sub-plots with three replications. Three control (untreated) plots were used for the comparison of the results. Since, (3×5×3)+3=48 were the total numbers of unit plot. The field size of each sub-plot was 5 m 2 . The same experiment was replicated thrice for the confirmation of investigation.
Chlorophyll measurement
Wheat leaves were collected randomly from 20 plants from each plot to measure the contents of chlorophyll at 70 DAS. The contents of chlorophyll were determined with a spectrophotometer (Shimadzu UV-1650PC). The contents of chlorophyll were estimated [25] where α 645 and α 663 are the absorbances at 645 and 663 nm, L is the light path length in the cell (usually constant), ϑ is the volume in the extract in ml, w is the fresh weight of the sample in g respectively.
Growth analysis
After 20 days of sowing (DAS), ten plants were randomly selected and uprooted from each plot. The plant height, stem diameter and dry weight of plants were measured and the respective mean values were determined. The plant heights were recorded from the base of the plant to the tip of the tallest leaf. The stem diameters were measured from the three positions of each stem and the mean values were determined. The plants were cut into small pieces and poured into envelopes and transferred them into the oven and dried at 70°C for 72 h. After oven drying, the weights of the dry matter were measured and recorded.
Yield attributes
At full maturity of the plants, the yield attributing characters were determined from the ten randomly selected plants from each plot, and their respective means were calculated. The spike lengths were measured from the neck node of the rachis to the apex of each spike without awn length. Only the filled (with food material) spikelets were counted. The existence of food stuff in the spikelet was judged as grain and the total number of grains present in each spike was accounted for. The grain yields were determined by harvesting the crops grown in one square metre area of each plot. The weight of the wheat grains was recorded after threshing and drying the crops. Then treatment-wise mean yield/plots were recorded. Finally, the yield was expressed in g m −2
. At the same time, randomly 1000 grains were counted and weighted from the yield sample.
Determination of total soluble protein
A spectrometric method was used to determine the total soluble protein in roots and shoots [26] . Initially, roots and shoots were separated, weighed and washed with deionized water. The samples were homogenised with a chilled mortar and pestle in buffer solution. The solution contained ice-cold 50 mM Tris-HCl, pH 7.5; 2 mM EDTA (ethylenediaminetetraacetic acid) and 0.04% (v/v) 2-mercaptoethanol. At room temperature, the mixture was then centrifuged with rotating speed of 12 000 revolution per min for the duration of 10 min and 100 μl clear supernatant moved to a glass cuvette containing 1 ml coomassie brilliant blue. Finally, the absorbance of the transparent sample was recorded with a spectrometer at an wavelength of 595 nm. The concentration of total soluble protein of the samples was then estimated by means of the calibration curve of bovine serum albumin.
Statistical analyses
The data were presented as the mean±standard error (SE) of the three replicates. SPSS statistical software (version 16) was used to analyse experimental data. The variance (p<0.05) of the data were analysed by one way ANOVA considering the Duncan's multiple range test. figure 3 , respectively. The seed surface contains irregular shape, different size and randomly distributed starch and protein granules [15, 27] . The surface morphology and functionalities of the seeds are changed due to the interactions of ROS and RNS produced in the plasmas with the surface. It is recognised that the surfaces of the treated wheat seeds become rough with respect to the control. The seed coat becomes eroded and chapped by plasma treatment. The changes of surface morphology and roughness may be associated with the enhanced water permeability into the seeds, and as a result, change in wetting behaviour occurs. Figure 4 demonstrates the time dependent water absorption of the treated seeds. The change of water absorption as observed becomes much dominant for the first 6 h and then it becomes slower; the differences between the treated and untreated seeds are noticeable during the whole experiment. The 12 min H 2 O/O 2 /air plasma treatment is shown the best water absorption promoting effect, which indicates 27% higher than that of control at 6 h soaking duration. Figure 5 shows the effect of APGAD plasma treatments on the germination and vigour of wheat seeds under different experimental conditions. Amongst 3, 6, 9, 12 and 15 min duration of treatments, 3 figure 6 . The respective M e values are, tabulated in table 1, found lower for the seeds treated with plasma by different gas compositions with respect to the control. This result reveals that the germination speed is improved due to APGAD plasma treatments. Among the three types of plasma treatments, H 2 O/O 2 /air plasma is found more effective for the enhancement of germination that can be attributed due to the production of relatively high density of ROS and RNS [1] . 
Seed germination
Chlorophyll content
The chlorophyll content in the plant leaves is improved ( figure 9 ), as the analysis divulges, due to treatment of seeds by APGAD plasmas. And consequently, total chlorophyll contents are also considerably improved by plasma treatments with three gas compositions. Among them, it is observed that the H 2 O/O 2 /air plasma displays significant increase in chlorophyll 'a' and chlorophyll 'b' as well as total chlorophyll content of leaves with 6 min treatment with respect to control. Thus, the treatments of seeds by APGAD plasmas become greatly encouraging to the improvement of photosynthetic pigment in the plants and eventually boost up photosynthetic efficiency of plants leaving enhanced growth of wheat plants.
Yield and yield contributing properties
Data for the length of spike, number of spikelets/spike and grain/spike are incorporated in figure 10 . 6 min duration with H 2 O/O 2 plasma treatment is provided the highest number of grains/ spike (42.33) with respect to control. This type of treatment is also produced maximum 1000-grain weight of 63.80 g, while it is least for the control. Within the treatment durations considered, 3 and 6 min provide the best results in almost all cases as shown in figure 10 . The yield of grain is also affected (figure 10) by treatment duration. 315 and 300 g m −2 grain yields are recorded from the plots that planted with 3 and 6 min H 2 O/O 2 plasma treated seeds, while 290 and 275 g m −2 are found for H 2 O/air plasma treatments, but only 262 g m −2 yield is provided by the control. This result indicates ∼20% higher yield with respect to control.
From the above results one may conclude that the 6 min treatments with APGAD H 2 O/air and H 2 O/O 2 plasmas are yielding significant increase in germination potential, vigour index and noteworthy improvement in photosynthetic pigment. Hence, enhanced photosynthetic competence has contributed to the improvement of all growth stages of plants that led to the increase in total grains/spike, 1000-grain weight, and thus yield of wheat.
Changes in total soluble protein
The total soluble protein concentrations in the shoots are found to increase due to plasma treatments. In addition, total soluble protein in roots of the seedlings grown from the seeds treated with APGAD H 2 O/air plasma for 6 
Discussion
In the present investigation, improvement of seed germination and subsequent growth enhancements in wheat observed using APGAD plasmas. The most abundant species produced in our experiment are (a) N 2 (C-B) and Besides, interactions of ROS and RNS with the seed coat are considerably changed the roughness with longer plasma treatment. The wheat seed coat is consisted [27] of small and large starch granules with protein matrix. The properties of starch granules are modified for the interactions of ROS and RNS produced in the plasmas. Owing to these interactions, depolymerisation and cross linking occurs in amylose and amylopectin chains [28] . Plasma etching enhances the surface energy and increase the hydrophilicity of the starch granules. This helps in the imbibition of water into the seed which increases germination. With increasing treatment time, the permeability of water is increased. These results are consistent with the finding of the previous researchers [10, 11, 13, 15] . Breaking dormancy and mobilisation of storage compounds are found to be regulated by RNS in the processes of seed germination. It also helps in mediation of hormonal responses, posttranslational modification of proteins, and signalling events in the germination process of seeds [29] . It is also found that the seed germination is enhanced due to incorporation of nitrogen on the seed surface [30] . Besides, the OH radicals, as the most abundant species in H 2 O/O 2 discharge shown in figure 2(b) , interact with the cell wall loosening by catalysering scission of cell polysaccharides thus placing the produced reactive species as important components in the germination processes [7, 15, 31, 32] . Above results dictate that the change of seed surface persuades the fast germination and hormonal activities correlated with plant signalling and development [33] .
Our findings suggest that the plasma source and gas composition are also played important roles in seed germination and growth of wheat. However, the ROS and RNS have inevitable outcomes on aerobic life. The plasma species activate the complex sequence of biological responses in cells and tissues. However, the appropriate dose and species produced in plasmas are involved in the activities of cell proliferation and growth factors release [21] . A number of biological processes viz. growth, development and biotic responses including signalling network of plants are regulated by ROS and RNS for their development [34] . Latest investigation suggests that the ROS and RNS take part significantly in differentiation, cell production and functioning as signalling molecule [35] . Thus ROS and RNS, as produced in H 2 O/air, H 2 O/O 2 , and H 2 O/O 2 /air plasmas and detected by spectroscopic measurement with different densities, contribute to the growth and development of wheat seedling [34] . H 2 O/air and H 2 O/O 2 APGAD plasmas with 6 min duration of treatments are provided the best results for the growth and development of wheat plants. The treatments of seeds with plasmas are responsible for the change in endogenous hormones (auxin, cytokinin) and that changes are correlated with the enhanced pea seedling growth. It is observed in this investigation that the plants grown from the seeds treated with different plasmas produce a significant enhancement of plant length and dry matter accumulation. Previous investigations [7, 36] on poppy and tomato seeds by AP cold plasma treatments reveal the improvement of seedling growth, i.e. root and shoot lengths, and dry matter accumulation.
Our results indicate that the plants grown from the seeds treated with APGAD plasmas show incredible enhancement in chlorophyll content that leads to the improved photosynthesis. APGAD H 2 O/air and H 2 O/O 2 /air plasmas could boost up nitrogen accumulation in the plants and enhance the activity of nitrate reductase and glutamine synthetase related to nitrogen metabolism and photosynthesis which may contribute to the increased seedling growth [37] . This observation is consistent with the previous results [7, [37] [38] [39] . Interestingly, our studies are shown the increase in total soluble protein in root and shoot due to APGAD plasma treatments. It does indicate the effectiveness of APGAD on enhanced cell metabolism leading to enhanced growth and development in wheat plants. plasma treatments with 6 min duration provide a significant increase in 1000-grain weight, which is amounts to 18%-20% with respect to control.
Plasma-seed treatment stimulates seed germination and growth, and that can be an effective way of reducing chemical treatment instead. It is evidenced from the recent studies that the consequences of plasma treatments continue during the growth cycle of the plants and potentially exceeded to the seeds without genetic mutation [40] . The plasma treatments are contributing to the energetic growth of wheat plants through enhancement of photosynthetic activities and may be responsible for the increased yield for 6 min duration treatment with H 2 O/air and H 2 O/O 2 plasmas.
Conclusion
ROS and RNS were generated with APGAD plasmas using three different gas composition: H 2 O/air, H 2 O/O 2 and H 2 O/O 2 /air and the wheat seeds were treated for different time durations. The effects of plasma treatments on wheat seeds were changed surface morphology, water absorption, germination parameters, seedling growth parameters, protein content and yield. The images of scanning electron microscope divulged that the surface structures and functionalities of wheat seeds were altered due to the interactions of ROS and RNS with wheat seeds and as a result water absorption of the seeds was enhanced with treatment time. 6 min treatment was provided the highest 95%-100% germination rate. The activity of growth and accumulation of dry matter were obtained highest from the plants developed from the seeds treated for durations of 3 and 9 min by H 2 O/O 2 /air plasmas. The contents of total chlorophyll in the leaves, longest spikes and number of spikes/spikelet were also improved in the plants developed from the seeds by H 2 O/O 2 /air plasma treatment. In addition, the total soluble protein content was generally increased in shoot in response to all configurations of plasma treatments. The grain yield was found to increase ∼20% with H 2 O/O 2 plasma with respect to control for 6 min treatment. Findings of the present study may provide a new strategy to improve agronomic yield in wheat.
